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Optoelectronic integrated circuits fabricated hy the assembly of separate devices on a common substrate are the subject of much interest. Such hybrid circuits offer the potential of improved performance, over their monolithic counterparts, because each device can he separately fabricated in the best suited material system. The realisation of hybrid circuits poses two major challenges: the assembly of devices made in dissimilar materials on the same chip and the effcient interaction among them. One approach to assembling different components is the flipchip technique whereby finished components are aligned and bonded together using solder humps [ l l .
Another possibility is the use of epitaxial liftoff [Z] where semiconductor devices, or semiconductor layers in which devices are subsequently fabricated, are removed from their growth substrate and bonded onto an arbitrary substrate by van der Waals forces. The solder humps used in the Ripchip technique provide, if requ~red, built-in electrical connections, whereas, faceted mirrors or some other means is required to achieve optical interaction. With epitaxial liftoff, the bonding process intrinsically provides some degree of optical interaction, which can he augmented by depositing an overlay film over the semiconductor [3], whereas electrical connections can be achieved by conventional metallisation.
In previous communications [4]. we reported the use of epitaxial liftoff to demonstrate GaAs and In,.,,Ga,.,,As detectors integrated with glass and LiNbO, waveguides. In these grafted devices light couples from the low index waveguide to the detector. We demonstrate the feasibility of coupling light in the reverse direction by integrating, also by epitaxial liftoff, InGaAsP light emitting diodes (LEDs) with glass channel waveguides which incorporate an overlayer film with tapered ends.
The real advantages to be gained from hybrid integration by epitaxial liftoff reside in the intrinsic optical interaction between the grafted semiconductor film and the waveguides in the target substrate. In this work, for example, the successful coupling of light between the LED and the waveguide would open up the possibility of using external gratings, fabricated on the glass waveguide, to achieve feedback and lasing operation; additionally, the lower index of the glass also means that gratings with longer periodicities, which are easier to fabricate, would be required. The benefits of transferring devices onto arbitrary substrates in the absence of any interaction (e.g. optical, thermal or otherwise) with the latter are less clear. For instance, if electrical connection is the main interest, then grafting may not he the method of choice, especially when such integration can be carried out with flipchip bonding.
Fabrication: A schematic view of the device is shown in Fig. 1 . The diode structure, a 200nm thick InCaAsP (2. = 1.3pm) layer cladded by lOOnm thick InP layers, was grown by MOCVD on an InP substrate with a 50nm thick InGaAs stop-etch layer. We detached a film, with approximate dimensions of 1 x 12mm'. from its growth substrate by sequentially removing the substrate and the stop-etch layer with selective etches and then grafted the film on a glass substrate using van der Waals forces [SI. The Schott B270 glass substrate contained 7pm wide K' ion exchanged waveguides and had polished edges. With a photoresist mask, we argon ion milled the grafted semiconductor film to define the facets and to confine the emission laterally to the width of the channel waveguides. Finally, we spin coated, patterned, and tapered by reflow a polyimide overlayer (index of refraction -1.6, taper length Experimental results: The 7 pm wide, -1 mm long devices were optically pumped using a line focused beam from a CW Ti : sapphire laser operating at 1 = 800nm. Under this condition, light from the LEDs was observed to emanate from the polished ends of the singlemode (without overlay) channel waveguides. Fig. 2 shows the near field pattern of the guided radiation and its spectrum which was obtained by imaging the output light from the waveguide on a spectrum analyser. We estimate the LED-waveguide coupling efficiency to he -10%.
The LEDs were also tested under pulsed operation using a mode-locked, Q-switched, frequency doubled YAG laser as a pump source. Fig. 3 shows the L-L response of a device where the presence of a threshold can be observed as the pump power was increased. Though the response resembles that o f a laser, spectral analysis on the emitted light from the device did not reveal any narrowing in the spectrum, suggesting that the light from the diodes was amplified spontaneous emission.
wovelength,nm tapers of a higher index material, such as A@,, at each end of the semiconductor. Such tapers can be fabricated by vacuum evaporation of As$, through a narrow slit which acts as a shadow mask. We have tested this technique in our laboratory and obtained gentle tapers of various thicknesses extending over a length of4mm.
pump power,arbitrary unit5 Apart from a scaling factor, attributable to the removal of material, we were able to detect no significant changes in results obtained from photoluminescence tests on the semiconductor film, after grafting and right after device fabrication. The results obtained from pulsed operation suggest that lasing, at a high threshold level of -7OmJ, might have been possible if facet reflectivity were sulfciently high to provide adequate feedback. We attribute the high threshold level to scattering losses due to roughness, in both the bonded interface and the ion milled facets and sidewalls of the semiconductor. Because scattering losses increase approximately with the index difference between the core and the surrounding media [6] , the loss in these structures is quite severe. Though facets of better quality can be obtained by cleaving the detached film using a GaAs substrate as an intermediate carrier in the manner described in Reference 7, the problem of the interface is much more involved and requires a better understanding of the bonding mechanism between the fdm and the substrate.
It is worth pointing out that previous reports on epitaxial liftoff light sources involved the transfer of broad-area GaAs lasers [7, 81, with thicker (several micrometres) structures than the one used here, onto arbitrary substrates where they were bonded with optical cement or a thin film of In. The transferred lasers relied on their built-in semiconductor cladding layers for optical confinement; this avoids the scattering problem posed by the bonded interface, but also prevents direct optical interaction with the substrate.
Though bonding without any glue, as in the case of grafted devices, has been commonly referred to as van der Waals bonding, TEM analyses of the interface suggest, rather, the presence of chemical bonds and the presence of an interfacial layer of varying thickness [Z] . Because optical interaction is vital for grafted devices and is directly dependent on the properties of this interface [4], a complete characterisation of this bond is essential to show whether low threshold lasers could be fabricated and whether heat dissipation, a problem also shared with the broad-area lasers referred to above, would he adequate to allow for CW operation.
Conclusions:
We have integrated InGaAsP LEDs with glass channel waveguides and demonstrated the use of an overlay fdm with tapered ends to achieve coupling of light from the high index diode to the lowindex waveguide. Our experimental results help in the identification of the main problem areas in the hybrid integration, by epitaxial liftoff, of a laser and a waveguide.
